The shape control methods of cable-network structures are investigated. A cablenetwork structure is a structure that consists of networks of many cables. Novel control methods based on the concept of self-equilibrated stresses are proposed. The self-equilibrated stresses of cable-network structures with nominal or objective shape are calculated by the force density method. Control inputs are determined from these self-equilibrated stresses. This method is applied to reconfigurable antennas consisting of cable networks. The shape control of the antennas is carried out by the proposed or conventional method. The efficiencies of these control methods are compared by numerical simulation. An adequate shape control is achieved without the iteration step by the proposed method. The shape control results obtained by the proposed method are better than those obtained by the conventional method. It is clarified from the comparison that shape control using the proposed method is efficient.
Shape Control of Cable-Network Structures Based
on Concept of Self-Equilibrated Stresses
Introduction
Cable-network structures consist of many cables. These structures (1) , (2) are good candidates for future space structures because they are generally light and have high packaging efficiencies. These structures are also typically very flexible and have strong geometric nonlinearities. Therefore, some methods, such as the force density method (3) , (4) , are required in the design of these structures. The shape control of cable-network structures is important in realizing future active space structures. The shape control methods using pseudo inverses of sensitivity matrices and iteration techniques have been investigated to compensate deformations (2) , (5) . They require many iteration steps to achieve objective shapes of the cablenetwork structures because of their strong nonlinearities. The shape control based on modularization of structures has been proposed (6) . The shape control problem can be simplified by modularization; however the shapes, which can be achieved, are restricted. In this study, new methods for determining the shape control inputs of cable-network structures are proposed. The concept of self-equilibrated stresses is applied to these methods. The self-equilibrated stresses of a network structure in a nominal state are calculated by the force density method. Furthermore, the self-equilibrated stresses in the state that achieves the objective shape are also calculated. The control inputs are determined from these selfequilibrated stresses.
Some numerical simulations are carried out in order to investigate the efficiency of the proposed method. The proposed method is applied to reconfigurable antennas (7) , (8) consisting of cable networks. Reconfigurable antennas are very useful for future space antennas, because they can change their beam shapes arbitrarily, according to a purpose. In this study, it is assumed that a beam shape is modified by changing the shape of a reflector. The shape control of the reflector is carried out by the proposed methods or conventional method (2) . The results obtained by these control are compared by numerical simulation, and their efficiencies are investigated.
Shape Control Methods of Cable-Network Structures

1 Force density method
The node positions of cable-network structures can be calculated explicitly using force densities as
Here, x, y, z: column vectors of the positions of the free nodes, x f , y f , z f : column vectors of the positions of the fixed nodes, C and C f : branch-node matrices indicating the topology of the cable networks, Q: diagonal matrix of the force densities, q: column vector of the force densities, p x,y,z : column vectors of the external forces of the nodes, and L: column vector of the cable length calculated using Eqs. (1) - (3). These equations show that objective cable-network structures can be obtained when the force densities are adequately designed. The equilibrium equations of each node can be written using these force densities as
The matrix R is defined as
The force densities, from which the objective cablenetwork structures can be obtained, are written as
where R − is the pseudo inverse of the matrix R and a is the column vector of the arbitrary factors of self-equilibrated stresses. S is the matrix of self-equilibrated stresses. The number of self-equilibrated stress states of the cablenetwork structures is
Here, N s : number of self-equilibrated stress states, N b : number of cables, N c : number of kinematic constraints, and N node : number of nodes.
2 Method of designing cable-network structures
The cable-network structures are designed by the following steps:
(i) The node positions of cable networks are determined adequately according to a purpose. For example, the node positions of reconfigurable antennas consisting of cable networks, which are used in this study, are determined by the plane wave synthesis method (9) to obtain an objective beam shape.
(ii) The self-equilibrated stresses, which realize the objective node positions, are obtained from Eq. (6) .
(iii) The factors of the self-equilibrated stresses are determined adequately. In this study, a is determined in order to minimize the variance of cable stresses by the steepest descent method.
(iv) The force densities are calculated from Eq. (6) using the arbitrary factors a obtained in step (iii).
(v) In this study, it is assumed that a cable obeys Hooke's law. Therefore, the initial length of the cable is expressed as
where EA is the stiffness of the cable and l is its length when the cable-network structure has an objective shape.
3 Shape control based on concept of selfequilibrated stresses
It is assumed that the shape of the cable-network structure is modified to an objective shape by controlling the forces of some cables. We have termed the cables whose forces can be controlled as controlled cables and the cables whose forces cannot be controlled as noncontrolled cables. The number of controlled cables is N bc and that of noncontrolled cables is N bnc .
When the structure has a nominal shape (nominal state) or an objective shape (objective state), the force densities can be represented by Eqs. (9) and (10), respectively. q nom = q c,nom q nc,nom (9) q obj = q c,obj
Here the subscript 'nom' denotes the nominal state and the subscript 'obj' denotes the objective state. The subscript 'c' denotes the controlled cables, and the subscript 'nc' denotes the noncontrolled cables. It is assumed that external forces do not change during shape control. The force densities of the cable-network structures in the nominal state are designed by the method explained in section 2.2.
The forces of the noncontrolled cables obey Hooke's law; therefore, the force densities of what in the objective state can be obtained as:
Thus, the factors of self-equilibrated stress can be calculated from Eqs. (10) and (11) 
where b is the column vector of arbitrary factors and it is determined to minimize the variance of the stresses of the cables using the steepest descent method. Therefore, the control forces of the controlled cables 
Here, L c,obj is the column vector of the length of the controlled cables in the objective state.
In the cases of N bnc ≤ N s , the objective shapes can be achieved. When the number of noncontrolled cables is larger than that of self-equilibrated stress states, the tensions of noncontrolled cables are derived by least square fittings. Accordingly, the number of noncontrolled branches has to be smaller than that of self-equilibrated stress states to achieve the objective three-dimensional positions of the nodes accurately. Therefore, the number of controlled cables should be obtained from Eq. (7) as
2. 4 Shape control using pseudo inverse of sensitivity matrix To clarify the efficiency of the proposed control method, shape control by a conventional method is also investigated and compared with that by the proposed method. Shape control inputs are determined using the pseudo inverse of a sensitivity matrix (2) . Control inputs are obtained as
where
Here M s is the sensitivity matrix that relates the forces of the cables to the displacements of the nodes. The sensitivity matrix is updated at each iteration step. ∆X, ∆Y and ∆Z are the differences in the locations of the nodes between the current shape and the objective shape. The objective shape of a cable-network structure is achieved by iterating this control.
Shape Control of Reconfigurable Antennas Consisting of Cable Networks
1 Model of analysis
The shape control methods of reconfigurable antennas (7) , (8) consisting of cable networks are investigated in order to clarify the efficiency of the proposed method. Reconfigurable antennas are antennas whose beam shapes are modified according to their purpose. The beam shapes can be modified by changing the shapes of reflectors.
The antenna system consisting of cable networks shown in Fig. 1 is used for analysis. An antenna surface consists of surface cables and is connected to a supporting frame by boundary cables. The parabolic surface is shaped using tie cables. The coordinate system is also shown in Fig. 1 Figure 2 shows the radiation patterns of the parabolic surfaces of the antennas. The shapes of the antenna surfaces are controlled in order to obtain contoured beams whose directivities to 47 prefectural capitals in Japan are greater than 37 dBi. The radiation patterns of the objective beams are shown in Fig. 3 . In this figure, black circles denote the locations of 47 prefectural capitals in Japan. The surface modification of the reflector used is calculated by the plane wave synthesis method (9) to obtain the objective beam shape. Such surface modification is shown in Fig. 4 , indicating the target shape of the control methods.
2 Distributions of controlled cables
The three distribution types of the controlled cables are considered. Table 1 shows a summary of the numbers of controlled cables for the three distribution types. The locations of the controlled cables are shown in Figs. 5-7. In these figures, black lines indicate the controlled cables and gray lines indicate the noncontrolled cables.
3 Results of shape control
The shapes of the reconfigurable antennas are controlled by the proposed or conventional method. The differences in node positions between the target surface and the surfaces controlled by the proposed method are summarized in Table 2 . We observe from Table 2 that the differences in node positions decrease in these control methods, and the control method using the type 1 distribution is particularly efficient. The reason for this is that the Table 2 Differences in node positions during control type 1 distribution satisfies the requirement for the number of controlled cables. For antenna application, the control method using the type 2 distribution also satisfies the requirement for surface accuracy. Table 3 shows the number of prefectural capitals whose directivities do not satisfy the requirement and the decreases in the directive gains of these capitals. From this table, it can be observed that the shape control methods using the type 1 and 2 distributions are useful for antenna application. Figures 8 and 9 show the comparisons of the control results obtained by proposed and conventional methods. Figure 8 shows the differences in node positions, and Fig. 9 shows the decreases in the directive gains of the prefectural capitals whose directivities do not satisfy the requirement. From these figures, it can be observed that an adequate control is achieved by the proposed method without the iteration step using the type 1 and 2 distributions. The differences in node positions are reduced and the decreases in directive gains are improved by the control methods using the type 3 distribution. Many steps are required to achieve an adequate control by the conventional method due to the nonlinearities of the cable networks, and the shape control results obtained by the conventional method are worse than those obtained by the proposed method. The reason for these worsening results is that the shape control by the conventional method is trapped in local minimums. These results show that the shape control by the proposed method using adequate distributions is efficient.
In the practical usage of the proposed method, errors of the cable tension and the cable initial length cannot be ignored. The effects of these errors on the shapes of the structures are estimated by assuming that the errors are occurred after the shape control is achieved. The effects of the errors on the cable-network structures have been investigated (2) .
Conclusion
The shape control methods of cable-network structures are investigated. A new control method is proposed. It is based on the concept of self-equilibrated stresses. The self-equilibrated stresses of a network structure in a nominal state are calculated by the force density method. Furthermore, the self-equilibrated stresses in the state that achieves the objective shape are calculated. Control inputs are determined from these self-equilibrated stresses. The characteristics of the proposed method are as follows:
• The shape control inputs are determined from the self-equilibrated stresses of cable-network structures.
• An adequate shape control is achieved without the iteration step.
• When the number of noncontrolled branches is smaller than that of self-equilibrated stress states, the objective shape of the structure can be achieved accurately.
To investigate the efficiency of the proposed control method and that of the conventional control method, which uses the pseudo inverse of a sensitivity matrix, these methods are applied to reconfigurable antennas. Some numerical simulations are carried out, and their results are compared. From such a comparison, the shape control results obtained by the proposed method are reasonable because adequate shape control is achieved without the iteration step.
